Agarase genes of non-marine agarolytic bacterium Cellvibrio sp. were cloned into Escherichia coli and one of the genes obtained using HindIII was sequenced. From nucleotide and putative amino acid sequences (713 aa, molecular mass; 78,771 Da) of the gene, designated as agarase AgaA, the gene was found to have closest homology to the Saccharophagus degradans (formerly, Microbulbifer degradans) 2-40 aga86 gene, belonging to glycoside hydrolase family 86 (GH86). The putative protein appears to be a non-secreted protein because of the absence of a signal sequence. The recombinant protein was purified with anion exchange and gel filtration columns after ammonium sulfate precipitation and the molecular mass (79 kDa) determined by SDS-PAGE and subsequent enzymography agreed with the estimated value, suggesting that the enzyme is monomeric. The optimal pH and temperature for enzymatic hydrolysis of agarose were 6.5 and 42.5ºC, and the enzyme was stable under 40ºC. LC-MS and NMR analyses revealed production of a neoagarobiose and a neoagarotetraose with a small amount of a neoagarohexaose during hydrolysis of agarose, indicating that the enzyme is a β-agarase.
Many agarolytic hydrolases, agarases, have been purified from marine microorganisms and their genes have been cloned into various microorganisms [14, 22, 25] . Their genetic studies have been extensively carried out and biological activities for hydrolysis products of agarose, agaro-oligosaccharides, have been investigated in vitro and in vivo [3, 6, 7, 13] . For the most part, however, the studies on an agarase were limited to marine bacteria and investigation on agarolytic system from non-marine bacteria is scarce [5, 10, 11] . In order to investigate agaro-oligosaccharide production, we isolated the agarolytic bacterium from municipal sewage treatment facilities at Kochi, Japan. The bacterium Cellvibrio sp. OA-2007 propagates on agarose as a sole carbon source and the cell homogenate produces a galactose and agaro-oligosaccharides during hydrolysis of agarose. Recently, Joon et al. [11] isolated a non-marine agarolytic bacterium, Cellvibrio KJ-YJ-3, and purified the extracellular agarase. However, the genetic study remained to be done. Although Cellvibrio produces several kind of depolymerizing enzymes such as xylanase and chitinase [18, 23] , no report has been published on the cloning of the agarase gene from the bacterium.
In the present study, the chromosomal DNA of Cellvibrio sp. was digested by various endonucleases and one of the agarase genes was cloned into Escherichia coli. The transformant produced recombinant agarase, and neoagaro-oligosaccharides were obtained during enzymatic hydrolysis of agarose. The agarase gene was sequenced and the genetic structure of the gene was investigated by DNA analysis tools and comparison with DNA databases. The recombinant protein was chromatographically purified and the enzyme properties such as optimal reaction conditions and substrate specificities were examined.
MATERIALS AND METHODS

Materials
All chemicals used for cultivation of microorganisms were purchased from Sigma. Neoagarohexaose and neoagarotetraose were purchased *Corresponding author Phone: +81-887-57-2508; Fax: +81-887-57-2520; E-mail: ariga.osamu@kochi-tech.ac.jp from Sigma and stored in a refrigerator at -20 o C until use. All reagents for genetic manipulation were from Takara Bio Inc. (Shiga, Japan).
Microorganisms and Cultivation
The Cellvibrio sp. OA-2007 isolated in this study was identified by its physiological, biochemical, and genetic characterizations. For isolation of an agarolytic microorganism, liquid inorganic medium, containing 1 g NaNO 3 , 1.57 g Na 2 HPO 4 ·12H 2 O, 0.9 g KH 2 PO 4 , 0.5 g MgSO 4 ·7H 2 O, 0.5 g KCl, and 1 g agar powder per liter, was autoclaved at 121 o C for 20 min and used for enrichment culture. For a solid medium, 20 g/l agar was added into the inorganic medium. The media were prepared at pH 7.0 before autoclaving. Activated sludge from the Kochi municipal sewage plant in Japan was suspended into the liquid inorganic medium and cultivated for 3-4 days at 25 o C with shaking. Then, after an appropriate dilution, the suspension was spread onto the solid inorganic medium and incubated for 3-5 days at 25 o C. Colonies making pits or holes on the plates were selected and resuspended into the liquid inorganic medium, followed by spreading onto the fresh solid medium and subsequent cultivation for 3-5 days at 25 o C. The isolation procedure was repeated until the colony morphology and microscopic observations were unchanged. The isolate was stored at -20 o C in nutrient broth (10 g peptone, 2 g meat extract powder, 1 g NaCl per liter, pH 6.8) containing 10% (v/ v) glycerol as a cryoprotectant.
Escherichia coli DH5a was used as a cloning host and grown in Luria-Bertani medium (10 g tryptone, 5 g yeast extract, 5 g NaCl per liter, pH 7.0). When recombinant cells were cultivated, 100 mg/l ampicillin was supplemented into the growth medium.
Identification of an Isolate
Identification of the isolate was performed by morphological, physiological, and biochemical analyses, as well as nucleotide sequence analysis for the 16S rDNA. The 16S rDNA was amplified by PCR with primers 9F (5'-GAGTTTGATCCTGGCTCAG-3'), 339F (5'-CTCCTACGGGAGGCAGCAG-3'), 785F (5'-GGATTA GATACCCTGGTAGTC-3'), 1099F (5'-GCAACGAGCGCAACCC-3'), 536R (5'-GTATTACCGCGGCTGCTG-3'), 802R (5'-TACCAGGGT ATCTAATCC-3'), 1242R (5'-CCATTGTAGCACGTGT-3'), and 1510R (5'-GGCTACCTTGTTACGA-3'). The amplified product (1,487 bp) was sequenced with the ABI PRISM 3100 DNA Sequencer (Applied Biosystems, CA, USA) and homology searches were conducted using the DDBJ (DNA Data Base of Japan).
Cloning and Sequence Analysis of Agarase Gene
The genomic DNA of Cellvibrio sp. was partially digested with HindIII according to Birnboim and Doly [4] , and ligated with pUC19 linearilized with the same endonuclease after dephosphorylation with alkaline phosphatase in advance [4, 19, 20] . For the ligation, DNA Ligation Kit Ver.2.1 (Takara Bio Inc., Japan) was used. Escherichia coli DH5α was transformed with the resulting plasmids by the heat shock method. The transformants were spread onto LuriaBertani plates supplemented with 100 mg/l ampicillin and 1 mg/l Xgal. The positive clones producing pits or craters were selected as agarolytic clones and their agarolytic activities were confirmed by a clear zone around the colonies after spraying a properly diluted iodine solution. Furthermore, the activities were also confirmed by hydrolysis of agarose with their cell homogenates. One of the positive clones was selected and sequencing of the insert DNA was performed by using BigDye Terminator v3.1, PRISM 3700 DNA Analyzer and custom primers (entrusted to Hokkaido System Science, Hokkaido, Japan). Genetic analysis of the insert DNA was carried out using Genetyx Win ver.8.0.
Preparation and Purification of Recombinant Enzyme
The agarolytic recombinant was cultivated in Luria-Bertani broth supplemented with 100 mg/l ampicillin for 48 h and harvested by centrifugation. The pellet was washed with 20 mM phosphate buffer (pH 7.0) and resuspended into the same buffer. The suspension was subjected to sonication and the supernatant was obtained by centrifugation. After addition of solid ammonium sulfate into the supernatant until 50% saturation and subsequent incubation on ice for 30 min, the precipitate after centrifugation was resuspended in a cold 20 mM phosphate buffer (pH 7.0). The remaining ammonium sulfate in the solution was removed by overnight dialysis (SnakeSkin Pleated Dialysis Tubing, 3,500 MWCO, Pierce, USA) against 20 mM phosphate buffer (pH 7.0) at 4 o C. The resulting enzyme solution was purified by chromatographic separation using the AKTA FPLC apparatus (Amersham Pharmacia Biotech, USA). The enzyme solution was subjected to anion-exchange chromatography on a DEAE-Toyopearl PAK-650M column (2.2 × 20 cm; Tosoh, Japan) equilibrated with 20 mM phosphate buffer (pH 7.0). NaCl gradient elution was carried out by changing the NaCl concentration from 0 to 0.5 M in the same buffer. The active fractions were pooled and dialyzed against 20 mM phosphate buffer (pH 7.0) containing 0.15 M NaCl. Then, the resulting enzyme solution was applied to gel filtration chromatography on a HiPrep 26/60 Sephacryl S-200 HR (2.6 × 60 cm; GE Healthcare, USA) equilibrated with 20 mM phosphate buffer (pH 7.0) containing 0.15 M NaCl. Homogeneity of the enzyme protein in the active fraction was judged by SDS-PAGE. To confirm agarolytic activity of the protein band, enzymography was carried out by washing the electrophoresed polyacrylamide gel film with 20 mM phosphate buffer and placing onto a 2% agarose gel, followed by 6 h of incubation at 25 o C and flooding with an iodide solution to visualize a clear zone on brown background.
Hydrolysis of Agarose and Purification of Agarose Hydrolysates
For feasibility study on oligosaccharide production by the recombinant enzyme, cell homogenates of the recombinant cells were obtained as described above. After the removal of cell debris by centrifugation, the supernatant was used as an enzyme solution. Agarose Type II (20 g; Sigma, USA) was suspended in 1 L of 20 mM phosphate buffer (pH 7.0) and enzymatically hydrolyzed at 25 o C by addition of the enzyme solution. An aliquot of the reaction mixture was periodically removed and centrifuged to remove remaining agarose. Then, the supernatant was boiled to inactivate the enzyme activity for 5 min and centrifuged to remove resulting solids. Sugar concentrations in the supernatant were measured by HPLC.
For identification of hydrolysis product, the reaction products were purified by gel filtration chromatography on Sephadex G-10 (Sigma) and subjected to mass and NMR spectrometries.
Characterization of Enzyme Properties
For characterization of enzyme properties, agarose Type II (Sigma) was solubilized by heating in 20 mM phosphate buffer (pH 7.0). Standard assay condition for enzyme activity was defined as hydrolysis at 1 g/l agarose in 20 mM phosphate buffer (pH 7.0) for 1 h at 30 o C. To examine the optimal temperature for enzyme reaction, the hydrolysis was carried out under standard assay condition at various temperatures, except that agarose Type V (Sigma, USA) was used. Thermal stability of the enzyme was assessed by incubating the enzyme solution for 30 min at various temperatures and determining the remaining activity under standard assay condition. The optimal pH of the enzyme was determined by hydrolyzing 1 g/l agarose Type II in 50 mM Britton-Robinson's universal buffer at various pHs.
The reactivity of the purified enzyme against neoagarooligosaccharides was examined by incubating neoagarotetraose or neoagarohexaose with the enzyme and identifying hydrolysis products by thin-layer chromatography.
Analysis
Reducing sugar concentration was determined by the ferricyanide method [12] . Sugar concentration was measured by an HPLC system (D-7000; Hitachi, Japan) equipped with a refractive index detector (L-7490; Hitachi, mobile phase, water; flow rate, 0.8 ml/min, column temperature, 50 o C) and Sugar KS-802 (Shodex, Japan) as a column. Protein concentration was determined using a Pierce BCA protein assay kit from Thermo Scientific (Rockford, IL, USA) and bovine serum albumin as a standard.
Mass spectrometry of neoagaro-oligosaccharides was carried out by a Finnigan LCQ Duo system [Finnigan MAT, USA; Mobile phase, 0.05% NH 4 OH/acetonitrile (25%/75%); flow rate, 0.2 ml/min] using Inertsil NH2 (5 µm × 2.1 mm × 150 mm; GL Science, Japan) as a column. NMR analysis was performed by the Avance-III (BrukerBioSpin, Billerica, MA, USA; Hydrolysis products during enzyme reaction were examined by thin-layer chromatography (TLC) on a silica gel 60 plate (Merck, USA) using n-butanol:ethanol:H 2 O (3:1:1) as a developing solvent, as described by Sugano et al. [21] . After the development, the plate was visualized by spraying with 50% sulfuric acid and charring.
SDS polyacrylamide gel electrophoresis (SDS-PAGE) was carried out by standard methods using a 10% ready-made gel (Bio-Rad, Hercules, CA, USA). High molecular weight standard including myosin (205 kDa), β-galactosidase (116 kDa), phosphorylase B (97.4 kDa), bovine serum albumin (66.2 kDa), and ovalbumin (45 kDa) was used as a molecular weight marker.
Accession Number
The 16S rDNA of Cellvibrio sp. OA-2007 and nucleotide sequence of the agaA gene were deposited to DDBJ and the accession numbers are AB332414 and AB440629, respectively.
RESULTS AND DISCUSSION
Isolation and Characterization of Agarolytic Microorganism
For production of agaro-oligosaccharides, we isolated an agarolytic microorganism from activated sludges at Kochi municipal sewage plant in Japan. Colonies making pits or holes on plates were selected, and the purification process was repeated until the colony morphology and the microscopic observation were unchanged. The isolate showed a clear zone around the colonies after spraying iodide solution and the agarolytic activity was also confirmed by hydrolysis of agarose with their cell homogenates.
In order to identify the isolate, morphological, physiological, and biochemical tests were carried out. The isolate was a Gram-negative, aerobic bacterium. Other characteristics were rod (0.6-0.7 × 1.5-2.0 µm), motile, non-spore formation, and catalase positive. The optimum growth temperature was 25 o C, and it did not grow at 40 o C. The optimum growth pH was 8.0. Growth of the isolate declined gradually with increasing NaCl concentration in the growth media and ceased at 3% (w/v).
The 16S rDNA sequence data of the isolate were compared with the DDBJ database using the BLAST program and found to have high homology with Cellvibrio sp. KY-YJ-3 at 98% [11] and Cellvibrio ostraviensis at 98% [15] . Based on the morphological, physiological, and biochemical characteristics, as well as 16S rDNA study, the isolate was identified as Cellvibrio sp. and deposited to DDBJ as Cellvibrio sp. OA-2007 (Accession No. AB332414).
putative amino acid sequence of the gene showed homology to S. degradans 2-40 β-agarase [1] , Microscilla sp. PRE1 putative β-agarase [26] , Pseudoalteromonas atlantica T6c agarase precusor and other agarase genes. In particular, it has the identity (59%) and similarity (75%) to S. degradans 2-40 putative β-agarase Aga86C. It also has identity (28%) to the GH86 β-agarase of Microbulbifer-like isolate [17] . Thus, agarase AgaA may belong to the GH86 family.
The putative amino acid sequence of agarase AgaA was examined for a signal sequence by the SignalP 4.0 server (http://www.cbs.dtu.dk/services/SignalP/). It appears to be a non-secreted protein because of the absence of a signal sequence.
Identification of Hydrolysis Products
Hydrolysis products from enzymatic degradation of agarose with the recombinant cell homogenate had identical Rf values to those of neoagaro-oligosaccharides, as judged by thin-layer chromatography [16] . To identify the hydrolysis products, they were purified by gel filtration chromatography and analyzed by LC-MS and 13 C-NMR. Fig. 2 shows the LC-MS spectrum for one of the purified products. A distinct signal was found at m/z = 323.0; therefore, the purified product has a molecular mass of 324.0 Da. This value corresponds to agarobiose or neoagarobiose. Fig. 3 shows the 13 C-NMR spectrum of the purified product. The resonances at 97.0 and 93.0 ppm indicate that the product is a neoagaro-oligosaccharide [9] . Neoagarotetraose and neoagarohexaose were similarly identified. These results indicate that the hydrolysis product is a neoagarobiose and the agarase AgaA is a betaagarase. Fig. 4 shows the time course of neoagaro-oligosaccharide production during enzymatic hydrolysis of agarose. Within 3 h of the reaction, the oligosaccharides were almost linearly produced with reaction time. Neoagarohexaose production continued until 7 h and the concentration gradually decreased. Until 21 h, the neoagarotetraose concentration increased and thereafter decreased slightly. The neoagarobiose concentration continued to increase during the experiment and finally predominated. These results are similar to AgaA34 of Agarivorans albus YKW-34 [24] . Thus, agaA is a promising agarase gene for production of neoagarobiose. C-NMR spectrum of the purified hydrolysis product. 
Production of Neoagaro-oligosaccharides
Characterization of Enzyme Properties
The recombinant agarase AgaA was purified with anionexchange and gel filtration columns after ammonium sulfate precipitation. Fig. 5 shows SDS-PAGE images for active fractions after chromatographic purification and subsequent enzymography. Although some bands were observed after anion-exchange chromatography, the enzyme was purified to homogeneity after gel filtration chromatography and the enzymogram revealed that the protein was an agarase. After anion-exchange chromatography, the enzyme was purified 240-fold with a 3.2% recovery, but the purification after gel filtration chromatography decreased to 227-fold with a 1.9% recovery, probably due to enzyme inactivaton. The molecular mass (79 kDa) determined by SDS-PAGE and subsequent enzymography agreed with the estimated value from the DNA sequence, suggesting that the enzyme is monomeric, as judged by the retention volume for the gel filtration chromatography. The purified enzyme was used for subsequent enzyme characterization.
The effect of temperature on the enzyme activity is shown in Fig. 6 . The optimal temperature for hydrolysis of agarose was 42. As shown in Fig. 8 , the optimal pH for the activity was pH 6.5. Whereas the activity gradually decreased at alkaline pH, it significantly declined at acidic pH. Table 1 shows enzyme characteristics in the previous reports, in which enzymes producing neoagarobiose and neoagarotetraose were selected and no data were found for the agarases having sequence homology to beta-agarase AgaA, β-agarase Aga86C from S.degradans 2-40 [8] , and β-agarase of Microbulbifer-like isolate [17] . Although a direct comparison may be improper because of differences in assay conditions, the optimal temperature and thermal stability of beta-agarase AgaA were similar to other enzymes except for agarase-b from Vibrio sp. PO-303 [2] . Although the thermal stability of agarase0107 is similar to beta-agarase AgaA [21] , the molecular mass of the protein and the optimal temperature and pH are different. The optimal pH of beta-agarase AgaA in the enzyme activity was slightly acidic. Agarase-b from Vibrio sp. PO-303 was stable at pH 4-10 and therefore different from betaagarase AgaA.
Hydrolysis products of agarose and neoagarooligosaccharides were examined by TLC analysis. Production of neoagaro-oligosaccharides from agarose corresponded to the result in Fig. 4 , and the result was similar to agarase-b from Vibrio sp. AP-2 [1] and agarase-b from Vibrio sp. PO-303. AgaA degraded neoagarohexaose to neoagarotetraose and neoagarobiose, but did not hydrolyzed neoagarotetraose. This hydrolysis pattern is the same as agarase-b from Vibrio sp. PO-303, but not agarase-b from Vibrio sp. AP-2, which degraded neoagarotetraose to neoagarobiose [1] .
In conclusion, in the present study, the agarase gene was cloned into E. coli and neoagaro-oligosaccharides were produced from agarose by the cell homogenate. The gene has close identity to the Saccharophagus degradans (formerly, Microbulbifer degradans) 2-40 aga86C gene and possesses no signal sequence. From identification of hydrolysis products and genetic studies, the beta-agarase AgaA appears to be a non-secreted beta-agarase belonging to GH86. The recombinant enzyme was purified and the characteristics were investigated. Beta-agarase AgaA has the molecular mass of 79 kDa and is monomeric. The optimal pH and temperature for enzymatic hydrolysis of agarose were 6.5 and 42. 
